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Protein synthesis: Imprinting through molecular mimicry
Anders Liljas
Part of the structure of translational elongation factor G,
in a complex with GDP, resembles the tRNA bound in a
ternary complex with elongation factor Tu and GTP; this
‘molecular mimicry’ extends to charge distribution as
well as shape.
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The translation of genetic messages into proteins on ribo-
somes is catalyzed by a number of proteins that bind tran-
siently to the ribosome [1,2]. These are the initiation,
elongation and release (termination) factors. Several of
these factors are GTP-hydrolyzing (G) proteins, which
undergo a conformation transition between an active state
with bound GTP and an inactive state with bound GDP.
In bacteria, these translational GTPases are initiation
factor 2 (IF-2), elongation factors Tu and G (EF-Tu and
EF-G) and release factor 3 (RF-3). IF-2 and EF-Tu cat-
alyze the binding of initiator and elongator tRNAs,
respectively, to the ribosome, and RF-3 assists in the
binding of RF-1 or RF-2. The latter two proteins have a
relationship to tRNAs, as they recognize the stop codons
of the mRNA. The three factors IF-2, EF-Tu and RF-3
thus have in common the property that they all catalyze
the binding of tRNAs, or proteins with some tRNA-like
properties, to the ribosome.
EF-G seems to be unusual among these various transla-
tion factors, in the sense that it does not bind a tRNA or a
protein that has some function common with tRNAs. After
the central catalytic event on the ribosome — the peptidyl
transferase reaction that links a new amino acid to the car-
boxyl terminus of the growing polypeptide chain — the
peptidyl–tRNA is located in the ribosome’s A-site, where
incoming aminoacyl–tRNAs bind, and the deacylated
tRNA is bound at the P-site, where peptidyl–tRNA binds
just prior to the peptidyl transferase reaction. The role of
EF-G is to catalyze the translocation of the peptidyl–
tRNA from the A-site to the P-site, exposing the next
codon to be read in the A-site. 
The structures of several of the translational elongation
factors have been determined in various different confor-
mational states. Thus, EF-Tu has been studied crystallo-
graphically in complexes with GDP [3] and GTP [4,5].
Remarkable progress has recently been made, with the
determination of the structures of a ternary complex of
EF-Tu with a GTP analogue (GDPNP) and Phe–tRNA
[6], and of the complex between EF-Tu and EF-Ts, the
guanine-nucleotide exchange factor for EF-Tu [7]. EF-G
has been investigated with GDP [8] and without any
bound ligand [9]. I shall focus on the observation [6] that
the ternary complex of EF-Tu.GTP.Phe–tRNAPhe resem-
bles in a remarkable way the structure of EF-G in
complex with GDP (Fig. 1). Thus, EF-G does not actually
deviate from the three other translational GTPases in
binding tRNA-like moieties to the ribosome.
Structural comparison
EF-Tu is composed of three structural domains [3].
Domain I is the GTP/GDP-binding, or G domain. This is
a special version of the nucleotide-binding, or Rossmann,
fold, with several of the consensus elements interacting
Figure 1
A comparison of the structures of the ternary complex of EF-G.GDP
(left) and EF-Tu.GDPNP.Phe–tRNAPhe (right). The tRNA anticodon in
EF-Tu.GDPNP.Phe–tRNAPhe is at the top, and the CCA end with
attached amino acid is associated with the effector loop of the G
domain. The orientation of EF-G was obtained by superimposing the
highly similar domains II of the two structures. The G domain with the
G′ subdomain in EF-G.GDP is seen at the bottom, with domain IV on
top. Domains III, IV and V of EF-G match different parts of the tRNA.
The opposite side of EF-G has an electrostatic distribution similar to
that of tRNA. (The drawing was kindly provided by Salam Al-Karadaghi
and was made using the program PREPI written by S.A. Islam and
M.J.E. Sternberg.) Key to colours: green, G domain plus domain II; red,
domains III–V (EF-G) or tRNA (EF-Tu); blue, G′ subdomain (EF-G) or
domain III (EF-Tu); pink, GDP (EF-G) or GDPNP (EF-Tu).
with the bound nucleotide. The other two domains (II
and III) are both b barrels. In the EF-Tu.GDP complex
[3], as well as in the EF-Tu.EF-Ts complex [7], the
domains of EF-Tu are arranged in a loose structure that
leaves a hole between them. The complex with a bound
GTP analogue is quite different [4,5] — the domains are
arranged in a compact structure. The structural rearrange-
ments after GTP hydrolysis are thus very significant.
EF-G has five structural domains [8,9]. Domain I, at the
amino terminus, is another G domain; it has an insert of
about 90 residues, called the G′ subdomain, that has not
been found in other GTPases. Domain II is similar to
domain II of EF-Tu; some minor consensus elements,
identified with the aid of the structures, have made it pos-
sible to locate domains similar to domain II in all other
translational GTPases [10]. Domain III is poorly visible in
the electron density map, because of its high flexibility.
Domain IV is an elongated structure, composed of a
helices and b strands; the extreme end of domain IV is
located about 120 Å away from the opposite part of the
molecule in the G domain. The topology of domain IV,
which is very similar to that of ribosomal protein S5 [11], is
an unusual left-handed b–a–b connection (right-handed
connectivity is more usual). Domain V also has very
similar topology to a ribosomal protein, this time S6 [9].
In the ternary complex of EF-Tu.GTP.Phe–tRNAPhe, the
acceptor stem of the tRNA is associated with the G
domain, and the tRNA-bound phenylalanine is protected
by the so-called effector loop of the G domain [6]. The
anticodon part of the tRNA is at the opposite end of the
molecule. When the structure of this ternary complex is
superimposed on that of EF-G, using domains II for align-
ment, domain IV of EF-G overlaps with the anticodon
stem–loop of the tRNA, and parts of domains III and V
overlap with the rest of the tRNA molecule (Fig. 1). The
main difference between the structures is the G′ insert in
the G domain of EF-G. The ribbon of phosphates of the
tRNA molecule is also mimicked in EF-G — by stripes of
negative charges on one side of the protein, the opposite
side of which shows no special features [2].
Functional aspects
The functional significance of this mimicry remains hypo-
thetical at this stage. Both EF-Tu and EF-G bind to the
ribosome in complex with GTP. The structure of the 
EF-G.GTP complex has not yet been determined. The
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Figure 2
The translational elongation cycle. The cycle
begins in the top center (1): at this point, the
ribosome has an empty A-site, to which the
ternary complex of EF-Tu (green) with GTP
(orange) and aminoacyl–tRNA (red) binds (2).
On GTP hydrolysis, the ribosome changes
conformation to the pre-translocational state,
and EF-Tu in complex with GDP (yellow)
dissociates from the ribosome (3). The
conformational changes bring the aminoacyl
part (purple) of the A-site tRNA close to the
peptide (light blue), with the effect that
peptidyl transfer occurs (4). The distorted 
A-site now binds EF-G (blue) in a complex with
GTP; this leads to a conformational change of
the ribosome back to the post-translocational
state, the translocation of the peptidyl–tRNA
from the A-site to the P-site, and exposure of
the next codon of the mRNA (red) in the A-site
(5). Subsequently, EF-G hydrolyzes its bound
GTP and dissociates from the ribosome,
generating the empty A-site that fits with the
EF-Tu ternary complex. In other words EF-G
makes a molecular imprint on the ribosome for
the ternary complex of EF-Tu that it mimics. For
simplicity, only the A and P sites of tRNA
binding to the ribosome are shown.
GDP-bound conformation of EF-G, which is similar to the
ternary complex of EF-Tu, has low affinity for the ribo-
some. There are at least three possible explanations for the
striking structural similarity between the inactive state of
EF-G and the active state of EF-Tu. First, it may be a
coincidence of no functional relevance. Second, EF-G may
undergo only a minor conformational change upon GTP
hydrolysis, with the effect that its active and inactive con-
formations are essentially the same. And third, both EF-G
and EF-Tu do undergo significant conformational changes
upon GTP hydrolysis.
These is some evidence to indicate that the third possibil-
ity is most likely. The ribosome is known to oscillate
between two states, the pre-translocation and post-translo-
cation states [2]. The transitions are catalyzed in opposite
directions by EF-G and EF-Tu. This may explain why
the conformation of inactive EF-G is similar to that of
active EF-Tu. The site that EF-G.GDP vacates after
translocation fits the complex between EF-Tu and tRNA
(Fig. 2). It is possible that EF-G is used for molecular
imprinting on the ribosome, to produce a site that fits the
ternary complex. In a similar way, EF-G.GTP binds to the
site that has been vacated by EF-Tu.GDP. However, as
EF-G is much larger than EF-Tu, and peptidyl transfer
occurs between the dissociation of EF-Tu and the binding
of EF-G, a direct correspondence may not be expected
between EF-G.GTP and EF-Tu.GDP.
For EF-Tu, most of the conformational changes that
accompany GTP hydrolysis and GDP–GTP exchange are
known. Both EF-G and EF-Tu can be locked on the ribo-
some by specific antibiotics, which prevent the conforma-
tional changes needed for dissociation. Mutations that
confer antibiotic resistance, which presumably permit the
conformational changes in EF-G and EF-Tu to occur
even in the presence of antibiotic, occur in similar posi-
tions at domain interfaces in both proteins [12]. The two
factors may undergo conformational changes that are
similar, but effectively opposite in the way they are linked
to GTP versus GDP binding. The structure of EF-G.GTP
will solve this uncertainty.
Evolution of RNA-mimicking proteins
Evolutionary aspects of the translation system have always
been of great interest. The early biological world may have
been composed mainly of RNA — ‘the RNA world’ —
with inefficient, RNA-based catalysts. For the transition to
a mixed biological world, based on DNA, RNA and pro-
teins, a translation system must have been an essential
ingredient. The evolutionary changes, according to this
hypothesis, involved the functional replacement of RNA
by proteins. It is interesting, in this context, to observe
that the carboxy-terminal half of EF-G mimics tRNA.
Furthermore, two, or possibly all three, of the domains
involved in this tRNA mimicry have folds found in
ribosomal proteins, most of which have a common folding
pattern [2]. This, and the way variations in the size of the
ribosomal RNAs may be compensated with variations in
the number and size of ribosomal proteins, indicate that
we may only have seen the tip of the iceberg of proteins
mimicking RNA.
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